Protein synthesis requires the pairing of amino acids with tRNAs catalyzed by the aminoacyl-tRNA synthetases. The synthetases are highly specific, but errors in amino acid selection are occasionally made, opening the door to inaccurate translation of the genetic code. The fidelity of protein synthesis is maintained by the editing activities of synthetases, which remove noncognate amino acids from tRNAs before they are delivered to the ribosome. Although editing has been described in numerous synthetases, the reaction mechanism is unknown. To define the mechanism of editing, phenylalanyl-tRNA synthetase was used to investigate different models for hydrolysis of the noncognate product Tyr-tRNA Phe . Deprotonation of a water molecule by the highly conserved residue ␤His-265, as proposed for threonyl-tRNA synthetase, was excluded because replacement of this and neighboring residues had little effect on editing activity. Model building suggested that, instead of directly catalyzing hydrolysis, the role of the editing site is to discriminate and properly position noncognate substrate for nucleophilic attack by water. In agreement with this model, replacement of certain editing site residues abolished substrate specificity but only reduced the catalytic efficiency of hydrolysis 2-to 10-fold. In contrast, substitution of the 3-OH group of tRNA Phe severely impaired editing and revealed an essential function for this group in hydrolysis. The phenylalanyl-tRNA synthetase editing mechanism is also applicable to threonyl-tRNA synthetase and provides a paradigm for synthetase editing.
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proofreading ͉ translation ͉ phenylalanine A minoacyl-tRNA synthetases (aaRSs) maintain fidelity during protein synthesis by attaching amino acids to their cognate tRNAs. Quality control by aaRSs is monitored at the aminoacylation step, with the active site distinguishing cognate from noncognate amino acids with great accuracy. Erroneous activation may become a risk to the cell when the cognate amino acid exhibits structural similarities to other natural compounds. In these aaRSs, an editing mechanism hydrolyzes the misactivated aminoacyladenylate (pretransfer editing) (1) (2) (3) or the mischarged aminoacyltRNA (aa-tRNA) (posttransfer editing) (4) (5) (6) (7) (8) (9) (10) .
The aaRSs are divided into two structurally unrelated groups, classes I and II, both of which contain examples of enzymes with editing activities (11) (12) (13) . Editing sites in the two classes share little in common. Class I aaRSs including isoleucyl-tRNA synthetase (IleRS) (14, 15) , leucyl-tRNA synthetase (LeuRS) (9) , and valyltRNA synthetase (ValRS) (16) harbor the editing activity in the well conserved CP1 domain, which is inserted in the catalytic domain. Class II aaRSs contain more diverse editing sites, none of which bears any resemblance to the class I CP1 domain. Within class II, threonyl-tRNA synthetase (ThrRS) and alanyl-tRNA synthetase editing domains share strong sequence similarities with each other (8, 17, 18) but are not homologous to that of prolyl-tRNA synthetase (19) . Escherichia coli phenylalanyl-tRNA synthetase (PheRS) possesses a predominant posttransfer editing activity against the misaminoacylated species Tyr-tRNA Phe (10) . The editing domain of this enzyme, and of its archaeal/eukaryal counterpart (20) , is located in the B3/B4 region of the ␤-subunit and lacks structural features resembling any known editing domains (21) .
Despite the emerging knowledge on the biological functions and structures of aaRS editing sites, little is known about the molecular mechanisms of either pretransfer or posttransfer editing. The recently resolved crystal structure of LeuRS complexed with a posttransfer editing analog suggested that the editing site binds the substrate and positions a catalytic water molecule (ref. 9 , discussed in ref. 22 ). In contrast, structural studies of the ThrRS editing site suggested that two water molecules are specifically activated by editing site residues and subsequently hydrolyze the posttransfer editing substrate (18) . Here we used available PheRS structures to develop different models for editing and probed the possible mechanisms using site-directed mutagenesis and biochemical analyses. We found that the moderate catalytic efficiency and specificity of PheRS editing are mainly achieved through substrate binding by several conserved residues, whereas the chemistry is not ratelimiting during the editing step. Hydrolysis is catalyzed by two water molecules, which are positioned by editing site residues, and most importantly an indispensable interaction with the 3Ј OH of the terminal adenosine of tRNA Phe . The PheRS editing mechanism can also be applied to ThrRS and provides a paradigm for synthetase editing.
Results
Functional Domains in the E. coli PheRS Editing Site. We previously found that the B3/B4 domain of the ␤-subunit of E. coli PheRS harbors an editing activity against misactivated Tyr (10). The recently resolved crystal structure of Thermus thermophilus PheRS complexed with Tyr supported this assignment of the B3/B4 domain (21) , as did the absence of editing activity in mitochondrial PheRS, which lacks the ␤-subunit (23) . To probe the roles of the different domains of the PheRS editing site we first replaced residues whose side chains form putative interactions with Tyr ( Fig. 1 ) and a number of neighboring positions. To accurately determine kinetic parameters for editing, all replacements were made in the context of the ␣A294G variant, which has previously been shown to better accommodate Tyr in the active site than wild-type PheRS without affecting editing (10) . Editing activities of the resulting PheRS variants were analyzed by using ATP consumption assays, which measure both pre-and posttransfer editing of misactivated Tyr (cis editing), and Tyr-tRNA Phe hydrolysis assays, which measure rates of trans editing of exogenous substrate (Table 1 ). Most replacements tested had little or no effect on editing, including ␤P263 and ␤Y360, which were suggested to form edge-to-face interactions with the Tyr ring, and numerous other residues in the vicinity of the carboxyl group of Tyr (21) . These results indicate significant differences in the binding of free Tyr and Tyr-tRNA Phe at the editing site, suggesting that the PheRS:Tyr complex depicts a postediting state different from the transition state. This finding is consistent with previous structural studies of ThrRS, where the product (Ser) and a substrate analog (SerA76) of posttransfer editing were shown to bind differently at the editing site (18) .
In an effort to find other domains of the editing site, we extended our search to include well conserved residues on the surface of the B3/B4 region [supporting information (SI) Fig. 8 and Table 1 ]. As with the structure-based replacements, the majority of the changes had little effect on editing. Taken together, the editing site replacements revealed that ␤R244, ␤H265, ␤G318, ␤E334, ␤T354, and ␤A356 are all involved in editing ( Table 1 ). ␤G318 replacements, as with the previously described ␤A356 changes (10), hinder access to the editing site, leading to the most significant decreases in activity. ␤R244, ␤H265, ␤E334, and ␤T354 replacements all showed less dramatic changes and were further tested for editing defects with respect to their tyrosylation activities (Fig. 2 ). In agreement with the kinetic data, ␤G318W exhibited the best misacylation activity and ␤E334A PheRS, which had 5-fold reduced trans editing Tyr-tRNA Phe synthesis by PheRS variants (100 nM). ᮀ, wild-type ␤-subunit; OE, ␤G318W; ‚, ␤E334A; E, ␤H265A; ϫ, ␤R244A; F, ␤R244A/␤H265A; ƒ, ␤T354V. Plots represent the average of three independent experiments. activity, could also tyrosylate tRNA Phe . Although the trans editing activities of ␤R244A, ␤H265A, and ␤T354V all dropped by Ϸ3-fold, no tyrosylation activity was detected, suggesting that they contain sufficient residual hydrolytic activity to prevent Tyr-tRNA Phe accumulation (Fig. 2 ). This was supported by the observation that ␤R244A/␤H265A PheRS, which showed a 19-fold reduction in editing efficiency, was able to stably attach Tyr to tRNA Phe . Finally, to exclude the possibility that replacement of these residues either affects tRNA binding or induces global conformational changes that impair activity, we tested the affinity of the editing-defective PheRS variants for free tRNA Phe . None of the replacements led to a significant change in the K D for tRNA Phe (SI Table 2 ), which, in combination with their similar phenylalanylation activities (data not shown), indicated that the replacements at the editing site did not influence the global conformation of the enzyme.
Active-Site Residues Do Not Directly Catalyze Editing. To investigate the roles in the editing reaction of the residues identified above, we constructed several docking models of the PheRS editing site in complex with Tyr-A76. The model most consistent with our data is shown in Fig. 3 , in which ␤E334 interacts with the hydroxyl group of Tyr, ␤R244 lies near the tRNA backbone, whereas ␤T354 is close to the aminoacyl-ester bond. The crystal structure of the PheRSTyr complex suggested that ␤H265 may also be in the vicinity of the ester bond (21) . In a recent model proposed for the ThrRS editing mechanism, a critical histidine deprotonates a catalytic water molecule, which then performs a nucleophilic attack on the ester bond (18) . To test whether ␤H265 of PheRS performs a similar role in catalysis, we attempted to rescue the editing defects of the corresponding PheRS variants using imidazole. Previous studies have demonstrated that imidazole is able to partially rescue catalytic defects resulting from the replacement of essential His residues in certain enzymes (24) (25) (26) (27) . Imidazole did not restore editing activity in any of the PheRS tested (SI Fig. 9A ), suggesting that ␤H265 does not catalyze hydrolysis directly but rather plays a structural role. This finding is consistent with the modest change in editing efficiency seen when ␤H265 was replaced and in contrast to the dramatic changes previously reported when a catalytic histidine was replaced in other enzymatic systems (24) (25) (26) (27) . The lack of a direct role in catalysis for ␤H265 is also supported by the similar profiles for the pH dependence of Tyr-tRNA Phe hydrolysis upon replacement with Ala (SI Fig. 9B ), indicating that the protonation state of ␤H265 does not significantly affect editing. These findings, together with the docking model, suggest that, rather than driving catalysis, the imidazole ring of ␤H265 contributes to substrate binding most likely through stacking interactions with Tyr, replacing the roles of ␤P263 and ␤Y360 in the postediting complex.
In addition to ␤H265, structural modeling also identified ␤T354 as a potential catalytic residue. One potential mechanism of catalysis would involve nucleophilic attack of the ester bond by the side chain hydroxyl group of ␤T354, similar to the catalytic mechanism of many proteases. However, as with ␤H265A, the ␤T354V replacement only moderately diminished both cis and trans editing, which does not support the possible role of this residue as a nucleophile. To clarify this point, we replaced ␤T354 with serine and cysteine and characterized the resulting variants. The thiol group of cysteine is a better nucleophile but a poorer hydrogen bonder than the hydroxyl group of serine, which is a naturally occurring variant at this position in bacterial PheRSs (SI Fig. 8 ). Replacement of ␤T354 with serine resulted in a 2-fold decrease in cis editing, whereas the cysteine variant showed a 3.5-fold decrease, similar to valine (Fig. 4) . These data clearly demonstrate that ␤T354 does not participate in the hydrolysis reaction as a nucleophile and suggest that it is involved in either substrate binding or hydrogen bonding with a catalytic water molecule. The PheRS variants ␤R244A, ␤H265A, and ␤T354V all showed an Ϸ3-fold decrease in Tyr-tRNA Phe hydrolysis activity but could not tyrosylate tRNA Phe , indicating that aminoacylation may be much slower than the hydrolysis step of editing. To address this question, we probed the kinetics of cis and trans editing, as well as tyrosylation. Cis editing kinetic parameters were directly determined with wild-type ␤ PheRS by using the ATP consumption assay, which revealed a k cat of 110 min Ϫ1 and a K M of 852 M for Tyr (SI Table  3 ). The K M for Tyr was assigned to the aminoacylation step. Trans editing was tested with wild-type ␤ PheRS by using the TyrtRNA Phe hydrolysis assay. Because of experimental limitations, we were not able to saturate the enzyme with the substrate. The upper limit of Tyr-tRNA Phe used was 5.2 M, which gave an observed hydrolysis rate of 140 min Ϫ1 (SI Fig. 10 ). By fitting the data to the Michalis-Menten equation, we estimated that the k cat was Ϸ270 min Ϫ1 and the K M for Tyr-tRNA Phe was 4.7 M. This k cat is Ϸ10 4 -fold higher than the uncatalyzed hydrolysis rate. Previously we determined that the k cat value of ␣A294G PheRS was Ϸ120 min Ϫ1 in phenylalanylation (10) , which serves as a useful approximation for the k cat of tyrosylation given that Tyr and Phe were previously shown to have the same k cat in amino acid activation by E. coli PheRS (28) . A simplified kinetic scheme for posttransfer editing by PheRS is shown in Fig. 5A , which suggests that TyrtRNA Phe hydrolysis is not the rate-limiting step; the slowest step is either tyrosylation or translocation, as previously proposed for IleRS (29) . Next we tested whether proton transfer is involved in editing. The catalytic efficiency of Tyr-tRNA Phe hydrolysis was measured in 75% deuterium oxide (D 2 O) and compared with hydrolysis in H 2 O. No significant solvent isotope effect was ob- Structural modeling of the PheRS editing site complexed with Tyr-A76.
Fig. 4.
Impact of PheRS ␤T354 replacements on ATP consumption. ᮀ, wild-type ␤-subunit; E, ␤T354V; ϫ, ␤T354C; ‚, ␤T354S.
served (SI Fig. 11 ), indicating that proton transfer is not ratelimiting during Tyr-tRNA Phe hydrolysis.
Discrimination of Cognate Phe-tRNA Phe at the Editing Site. Structural and modeling studies indicated that the side chain of ␤E334 forms a hydrogen bond with the para hydroxyl group of the Tyr moiety during substrate recognition (Fig. 3) . The role of this residue in modulating substrate specificity was supported by the finding that replacing ␤E334 with Ala induced significant editing of cognate Phe-tRNA Phe while reducing activity against TyrtRNA Phe ( Fig. 6 and Table 1 ). Increasing the hydrophobicity of the editing site binding pocket by replacing ␤E334 with Ile further increased editing of Phe-tRNA Phe . These findings demonstrate that ␤E334 determines substrate specificity both by direct recognition of the hydroxyl group of Tyr and by hydrophilic exclusion of Phe. In addition to the ␤E334 variants, ␤P263A/␤Y360A PheRS also displayed a relaxed specificity toward Phe-tRNA Phe , indicating that edge-to-face interactions with the Tyr ring contribute to editing site specificity (Fig. 1). 3 Hydroxyl Group of A76 Is Critical for Editing. Previous studies indicated that the 3Ј-OH group is critical for the editing activities of IleRS and ValRS (30) . IleRS requires transacylation of the mischarged amino acid from the 2Ј-OH to the 3Ј-OH before deacylation, whereas in ValRS it was proposed that the 3Ј-OH might be more directly involved in catalyzing hydrolysis (30) . Interestingly, studies of the closely related LeuRS revealed that the original 2Ј linked substrate analog (Nva2AA), but not the 3Ј linked analog (Nva3AA), can inhibit LeuRS editing, suggesting that transacylation is not required by LeuRS (9) . Our studies of the PheRS editing site did not reveal a residue directly involved in catalysis, prompting us to further investigate the role of the neighboring hydroxyl group. We modified tRNA Phe at the 2Ј-OH and 3Ј-OH of A76 by replacing them each with a proton, respectively. The resulting 2Ј-dA76 tRNA Phe could be charged with neither phenylalanine nor tyrosine (data not shown), whereas 3Ј-dA76 tRNA Phe was tyrosylated by both wild-type ␤-subunit and ␤G318W PheRSs (Fig. 7 A and B) . The low tyrosylation efficiency indicates that replacing the 3Ј-OH with H slows down the aminoacylation step, because the editing-defective ␤G318W PheRS exhibited the same charging profile. In contrast, under the same conditions, A76 tRNA Phe could be mischarged only by ␤G318W but not by wild type, demonstrating that the 3Ј-OH is crucial for the editing activity. To clarify whether the 3Ј-OH plays a role in transacylation or in catalysis, we prepared Tyr-3Ј-dA76 tRNA Phe and tested its hydrolysis in the presence and absence of wild-type ␤-subunit PheRS. As shown in Fig. 7C , PheRS significantly enhances the rate of hydrolysis, indicating that transacylation is not required for editing. However, replacing the 3Ј-OH with H resulted in an Ϸ300-fold decrease in k cat /K M (0.19 Ϯ 0.02 M Ϫ1 ⅐min Ϫ1 ) compared with wild type, indicating that the 3Ј-OH plays a far more critical role in catalysis than any PheRS residues tested in this study. To further probe the function of the 3Ј-OH, we substituted it with a fluorine atom. Fluorine is highly electronegative but unable to donate a hydrogen bond. As with 3Ј-dA76 tRNA Phe , 3Ј-F-A76 tRNA Phe could be tyrosylated by both wild-type ␤-subunit and ␤G318W PheRSs (Fig. 7A) . The hydrolysis of Tyr-3Ј-F-A76 tRNA Phe was not significantly different in the presence or absence of 0.5 M wildtype ␤-subunit PheRS (Fig. 7C) . These results indicate that the role of the 3Ј-OH cannot be substituted by fluorine, suggesting that this position acts as a hydrogen bond donor helping with water molecule positioning or with substrate binding in the editing site. Our results also demonstrated that the 3Ј-OH plays a role in uncatalyzed hydrolysis. The spontaneous hydrolysis rate of Tyr-3Ј-dA76 tRNA Phe was Ϸ5-fold slower than those of Tyr-3Ј-A76 tRNA Phe and Tyr-3Ј-F-A76 tRNA Phe (Fig. 7C) probably because of the inductive effects (ϪI) of the electronegative hydroxyl and fluoride groups, which destabilize the aa-tRNA by withdrawing electrons from the ester linkage (22) . (31) and LeuRS (32) did not identify catalytic residues. Instead, the structure of LeuRS complexed with a posttransfer editing analog suggested that the editing site binds the substrate and positions a catalytic water molecule for hydrolysis of the ester bond (9) . A different water-mediated hydrolytic mechanism has also been proposed based on structures of ThrRS with and without editing analogs (18) , although this mechanism has not yet been tested experimentally. Functional analyses of the PheRS editing site defined several important residues, none of which performs a nucleophilic attack at the ester bond of Tyr-tRNA Phe . Analyses of available PheRS crystal structures showed that divalent species such as magnesium or manganese were found only at the interface between the ␣-and ␤-subunits but not at the editing site, excluding a direct role for metal ions in hydrolysis (21, (33) (34) (35) . This finding is consistent with both ThrRS (18) and alanyl-tRNA synthetase (36) , where divalent ions are unlikely to play a role in posttransfer editing. Our structural modeling revealed two water molecules (S99 and S112 in Fig. 1 ) that are correctly positioned as candidates to catalyze hydrolysis (Fig. 3) . These two water molecules are well conserved among available PheRS crystal structures, including the apo form and the PheRS:Tyr complex. S112 is positioned by ␤T253 and ␤N254, and S99 is hydrogen-bonded by the 3Ј-OH of A76, ␤T354, and ␤A356, all of which contribute to editing. The 3Ј-OH of A76, previously implicated in editing by LeuRS, IleRS, and ValRS (9, 30) , was shown to be the most critical functional group for editing by PheRS, whereas changes of ␤T253, ␤N254, ␤T354, and ␤A356 produced more modest losses in catalytic efficiency.
Discussion

Mechanism of Posttransfer Editing by PheRS. Previous studies of the editing sites of IleRS
Taken together, our data provide strong support for a substrateassisted mechanism of posttransfer editing (Fig. 5B) . After TyrtRNA Phe synthesis at the active site, the CCA-Tyr end translocates to the B3/B4 domain editing site, as implicated by other studies (7, 15, 16) . The editing site binds the substrate in such a configuration that the ester bond is positioned close to two catalytic water molecules. ␤R244 interacts with the base of C75; the side chain of ␤H265 stacks with the Tyr ring; and the carboxyl group of ␤E334 hydrogen bonds with the hydroxyl group of Tyr, which ensures editing site specificity. The water positioned by ␤T253 and ␤N254 (S112) performs a nucleophilic attack on the ester bond, whereas the other water hydrogen-bonded by the 3Ј-OH, ␤T354, and ␤A356 (S99) donates a proton to stabilize the leaving group and complete the reaction. The catalytic power is mainly contributed by the 3Ј-OH via activation of the water molecule. Such a mechanism, where the pivotal role of the enzyme is to determine specificity rather than to drive catalysis, may be broadly applicable to posttransfer editing given the generally moderate effects on hydrolysis seen upon replacing editing site residues (31, 32) . Structural and functional studies of LeuRS suggest that the 3Ј-OH might also play a role in catalysis by activating a water molecule (9, 30) , which is consistent with the study of PheRS presented here. In the closely related IleRS, the misacylated amino acid transacylates from the 2Ј-OH to the 3Ј-OH before being hydrolyzed (30) . The posttransfer editing then initiates subsequent pretransfer editing (37) , but exactly how the 2Ј-OH participates in catalysis is not clear. On the other hand, in the proposed ThrRS model, two water molecules hydrogen-bonded by editing site residues were proposed to mediate substrate hydrolysis (18) , which is also analogous to PheRS, although contributions of individual ThrRS editing site residues have not yet been quantified. Reexamination of the E. coli ThrRS structure revealed that the 2Ј-OH of A76 lies close to one catalytic water, and the recent crystal structure of Pyrococcus abyssi ThrRS revealed that the 2Ј-OH indeed interacts with a candidate catalytic water molecule (38) , raising the intriguing possibility that the 2Ј-OH of tRNA may contribute to ThrRS editing in much the same way the 3Ј-OH assists PheRS (39) . The high similarity in the editing mechanisms of PheRS and ThrRS, both class II aaRSs, would not seem to extend to class I aaRSs such as IleRS and LeuRS, which may partly reflect the general observation that the rate-determining step differs between the two enzyme classes (40) .
Comparison of Aminoacyl-or Peptidyl-tRNA Esterases. Aside from aaRSs, D-Tyr-tRNA Tyr deacylase (DTD) and peptidyl-tRNA hydrolase (PTH) represent other examples of enzymes that catalyze the hydrolysis of aminoacyl-or peptidyl-tRNA ester bonds. A recent study showed that the archaeal P. abyssi ThrRS editing domain shares a marked structural similarity to DTD (41) , suggesting that the two enzymes might share a common mechanism for aa-tRNA hydrolysis. The k cat (6 s Ϫ1 ) and rate enhancement (3 ϫ 10 4 ) of D-Tyr-tRNA Tyr hydrolysis by DTD are similar to those for L-Tyr-tRNA Phe hydrolysis by PheRS (42) . The hydrolytic mechanism of DTD has not yet been determined, nor has any critical residue been identified. It is possible that DTD employs a similar mechanism as aaRSs, in which the vicinal hydroxyl group of A76 plays a critical role in hydrolyzing the ester bond. This mechanism, however, is less likely to be used by PTH; replacements of critical residues at the PTH active site resulted in Ͼ100-fold decreases in k cat without affecting K M (43) , suggesting that these residues play more crucial roles in catalysis than do editing site residues in aaRSs and revealing a key difference between aa-tRNA and peptidyl-tRNA hydrolysis.
Role of Editing in Translational Quality Control. The editing site has apparently evolved to maintain moderate catalytic efficiency sufficient for the hydrolysis of noncognate species while minimizing the hydrolysis of cognate aa-tRNA. Our proposed substrate-assisted mechanism of editing, wherein the enzyme simply accelerates the rate of spontaneous hydrolysis of aa-tRNA by 
Ϸ10
4 , also suggests that selectively retaining misaminoacylated species is in fact the critical step in aaRS proofreading. The K M of Tyr-tRNA Phe for wild-type ␤-subunit PheRS is within the micromolar range; however, elongation factor Tu (EF-Tu) binds aa-tRNAs several orders of magnitude more tightly (44) (45) (46) . Previously we showed that overexpressing ␤H265A or ␤E334A PheRS resulted in Tyr misincorporation at Phe codons in vivo (10) , suggesting that EF-Tu promptly sequesters the mischarged Tyr-tRNA Phe upon its synthesis and that there is no efficient proofreading mechanism once Tyr-tRNA Phe leaves PheRS. Recently, it has been found that low levels of mischarged tRNAs can lead to protein misfolding and neurodegeneration in mice (47) . Our present findings show that a loss of quality control follows a relatively minor loss in editing activity, emphasizing the fine balance that exists between a tolerable error rate and a level of misaminoacylation that critically impacts translational fidelity.
Materials and Methods
Strains, Plasmids, Site-Directed Mutagenesis, and General Methods.
Proteins and tRNAs were prepared as described previously (23) . All PheRS variants described in this work contain an A294G replacement in the ␣-subunit. 2Ј-and 3Ј-dA76 tRNA Phe and 3Ј-F-A76 tRNA Phe were prepared as described (10), and 3Ј-fluro ATP was purchased from IBA (Göttingen, Germany). 32 P-labeled tRNA pA76 transcripts were synthesized as described previously (23) and used to determine the K D for PheRS by using filter-binding assays (48) . Structural modeling was performed with Autodock 3.0 (49). Na-Hepes (pH 7.2), 30 mM KCl, 10 mM MgCl 2 , and 1 M PheRS. Steady-state kinetics were determined by using 20-3,000 M Tyr or 1-32 M tRNA Phe . In imidazole rescue experiments, 0.1 M imidazole (pH 7.2) was added into the above reaction mix.
Preparation of Tyr-tRNA Phe and Phe-tRNA Phe . Tyr-and Phe-tRNA Phe were prepared as described (10) except that 2 M ␤G318W PheRS was used. After a 10-min incubation at 37°C, the reaction was stopped by addition of 56 mM potassium acetate (pH 4.5) and 250 mM KCl, followed by phenol/chloroform extraction and ethanol precipitation. The aa-tRNA pellet was dried and resuspended in DEPC water with 2 mM MgCl 2 . The charging level was Ϸ25% as determined by radioactivity retained on 3-mm filter discs. Phe hydrolysis were determined with 0.6-0.9 M substrate and 2-100 nM enzyme. Reaction mixtures were incubated at 37°C, and 2-to 9-l aliquots were periodically spotted on 3-mm filter discs presoaked with 5% TCA, followed by extensive washing in 5% TCA, drying, and scintillation counting. Tyr-tRNA Phe hydrolysis was also monitored in the absence of PheRS at each substrate concentration as a control, and these rates subtracted from the enzyme catalyzed values to determine initial velocities. 
